We purified by fractionation on 10-40% glycerol gradients, 26S proteasomes from normal human spermatozoa. These proteasomes, which participate in the ATP-dependent degradation of ubiquitinated proteins, share a similar sedimentation coefficient to those purified from other human tissues. Fluorogenic peptide assays reveal they have chymotrypsin, trypsin and peptidyl-glutamyl-like peptide hydrolysing activities; the chymotrypsin activity is ablated by the specific 26S proteasome inhibitor MG132. Confirmation that these large proteases are 26S proteasomes is provided by detection of the 20S proteasome subunits HC2, XAPC7, RN3 and Z and regulatory ATPases MSS1, TBP1, SUG1 and SUG2 by Western analyses with monoclonal antisera. These antigens are found only in the gradient fractions enriched in proteolytic activities. We have also shown that, although mature spermatozoa from mice have considerably reduced amounts of a ubiquitin-conjugating enzyme (E2) and ubiquitin-protein conjugates in comparison with less mature germ cells, they retain relatively high values of 26S proteasome activity. This suggests that proteasomes may have further roles to play in normal sperm physiology.
Introduction
Ubiquitin-dependent proteolysis is the major mechanism in the cell for the cytosolic degradation of short-lived proteins such as cyclins, p53, c-Fos and c-Jun and damaged or abnormal proteins. Conjugation of ubiquitin to such target proteins is mediated by a combination of ubiquitin-activating enzymes (E1s), conjugating enzymes (E2s) and in some cases ubiquitinprotein ligases (E3s). During degradation of the target protein by the large multi-subunit 26S proteasome, ubiquitin is released by a ubiquitin carboxyl-terminal hydrolase(s) (UCH) and recycled (excellently reviewed in Deshaies, 1995; King et al., 1996) .
The 26S proteasome has a molecular mass of~2000 kDa and is formed from a barrel-shaped 20S core complex which contains the protease catalytic activity, along with two polar 19S complexes which contain ATPase and non-ATPase regulators (Hough et al., 1987; Waxman et al., 1987; Yoshimura et al., 1993; Deveraux et al., 1994; Van Nocker et al., 1996) . The 20S proteasome is composed of a small set of subunits (α 7 β 7 α 7 β 7 ) with molecular masses of 21-32 kDa, encoded by a unique multi-gene family which has been conserved during evolution (Tanaka, 1995) . The structure of the Thermoplasma and Saccharomyces cerevisiae 20S proteasomes have now been determined by high resolution X-ray crystallography (Lowe et al., 1995; Groll et al., 1997) . Less is known about the subunits of the 19S regulators which are estimated to be 29-112 kDa in size, and are much more heterogeneous in their nature. However, at least six of these subunits, S4, MSS1, TBP1, TBP7, SUG1 and SUG2, are homologous to one another and belong to a superfamily of ATPases; they all contain a conserved consensus sequence for ATP binding (Coux et al., 1996) .
The production of mature spermatozoa is a process which involves massive intracellular reorganization and protein degradation. Previous research has shown a link between the ubiquitin-dependent pathway of protein degradation and spermatogenesis. For example, studies of rooster spermatogenesis have demonstrated that both nuclear and cytoplasmic lysates from chicken testicular cells are able to form ubiquitin conjugates in vitro, with the levels of extranuclear conjugates reaching a peak at the stage of round spermatids (Agell and Mezquita, 1988) . These data suggest that ubiquitin-mediated protein degradation plays a role in intracellular proteolysis which occurs as round spermatids mature to spermatozoa. A further demonstration of a role for the ubiquitin system in spermatogenesis is the finding in a number of species of testesspecific enzymes of the ubiquitin pathway. In both mouse and marsupials, a highly homologous Y chromosome-linked E1 has been found, which is suggested to be a candidate for the essential spermatogenesis gene Spy (Mitchell et al., 1991 (Mitchell et al., , 1992 . Also, a 17 kDa rat E2 which is highly expressed in the testis has been cloned (Wing and Jain, 1995) . A further E2 isoform (8A, analogous to yeast UBC4/5) has expression restricted to the testes, with particularly high amounts being found in round spermatids (Wing et al., 1996) . Indeed, it appears that the ubiquitin system is central to spermatogenesis as transgenic male mice lacking a functional E2 (a yeast RAD6 homologue) are sterile (Roest et al., 1996) .
Large, high-molecular weight proteases with some resemblance to the 20S and 26S proteasomes have been purified from the spermatozoa of both sea urchins (Inaba et al., 1992) and salmonid fish (Inaba et al., 1993) . Recent evidence from Drosophila indicates that there are two testes-specific 20S proteasome genes expressed during specific stages of spermatogenesis. These are homologues of the somatic gene PROS 28.1; such data suggest that germ cell proteasomes may be different from those found in somatic cells (Yuan et al., 1996) . Therefore, we decided to begin studies on the role of ubiquitinmediated protein degradation in human sperm maturation with the identification and purification of proteasomes from mature human spermatozoa. This report describes for the first time the purification by glycerol gradient centrifugation, and immunochemical characterization, of the proteasomal machinery from human spermatozoa. Additionally, we have examined the ubiquitin-proteasome system during mouse spermatogenesis.
Materials and methods
Unless stated otherwise, chemicals were obtained from Sigma (Poole, Dorset, UK).
Purification of 26S proteasomes from human spermatozoa and liver
Ejaculates were obtained from five normal healthy males and pooled. Motile spermatozoa were purified from the seminal fluid, essentially according to Ord et al. (1990) , by centrifugation at 500 g for 10 min on a 45-90% Percoll gradient. After retrieval of motile spermatozoa from the 90% Percoll layer, cells were pelleted by centrifugation at 250 g in Earle's balanced salt solution containing 10% (v/v) normal human serum. After repetition of this washing procedure, the resulting motile spermatozoa were resuspended in 1 ml of homogenizing buffer (20 mM Tris-HCl, 2 mM ATP, 5 mM MgCl 2 , 1 mM EDTA, pH 7.5) and lysed by three freeze-thaw cycles using a dry-ice/ethanol bath. Cell lysates were centrifuged at 9000 g for 10 min at 4°C, and the supernatant was collected. Supernatants (~2-5 mg protein) were loaded onto a 12 ml 10-40% (v/v) glycerol gradient according to the method of Orino et al. (1991) . Samples were centrifuged at 70 000 g in a SW 6ϫ16.5 rotor for 22 h at 4°C. Fractions (0.5 ml) were collected from the top of the gradient by displacement with Maxidens (Gibco BRL, Paisley, UK). Samples from human liver were treated in a similar manner following tissue disruption by homogenization in three volumes of homogenization buffer with a Polytron homogenizer (5ϫ 1 min homogenizations at 4°C).
Assay of peptidase activities
The chymotrypsin, trypsin and peptidylglutamyl peptide-hydrolysing activites of the glycerol gradient fractions were measured using the fluorogenic substrates: N-succinyl- , N-t-butoxycarbonyl-Leu-ArgArg-7-amido-4-methyl coumarin (Boc-LRR-MCA) and N-carbobenzoxy-Leu-Leu-Glu-β-naphthylamide (Cbz-LLE-βNA) respectively. Chymotrypsin and trypsin activities were assayed by incubating glycerol gradient fractions (20 µl) with 0.1 mM substrate in 100 mM Tris-HCl (pH 8.0) for 1 h at 37°C in a final volume of 120 µl. The reaction was stopped by the addition of 2 ml of 80 mM sodium acetate (pH 4.3) and the fluorescence measured in a Shimadzu RF5000 fluorimeter at an excitation wavelength of 360 nm and an emission of 460 nm. For chymotrypsin assays with the inclusion of the proteasome inhibitor MG132 (provided by Professor R.Hay, University of St Andrews, Fife, UK), the inhibitor was added to a final concentration of 1 µM. Peptidylglutamyl peptide-hydrolysing activity was assayed in a similar manner but with 0.3 mM substrate in 100 mM Tris-HCl (pH 8.0). Fluorescence was measured at an excitation wavelength of 335 nm and an emission wavelength of 450 nm. Protein concentration was determined according to the method of Bradford (1976) .
Two-dimensional gel analysis
Two-dimensional (2D) gel electrophoresis [isoelectric focusing (IEF)/ sodium dodecyl sulphate (SDS)-polyacrylamide gel elecrophoresis (PAGE)] was performed according to the method of O'Farrell (1975) . Pooled proteasome fractions from glycerol gradients were dialysed overnight against distilled water, freeze-dried and dissolved in buffer containing 0.06% (w/v) SDS, 120 mM dithiothreitol (DTT), 5 mM Tris, 8 M urea, 3.2% (v/v) Nonidet P-40, and 1.76% ampholytes (pH range 3.5-10.0; BDH, Lutterworth, Leicester, UK). Protein (20-50 µg) was loaded onto 4.5% acrylamide tube gels containing 40% ampholytes and the first dimension electrophoresed for 18 000 volt h. Second dimension SDS-PAGE was performed on either 10 or 15% acrylamide gels (20ϫ20cm) at a current of 40 mA/ gel. Protein was detected by silver staining (Biorad Silver Stain Plus Kit; Biorad, Watford, Herts, UK) or transferred to nitrocellulose for Western analysis as described below.
Western analyses
After electrophoresis (either SDS-PAGE performed on 10% gels according to the method of Laemmli (1970) , or 2D IEF/SDS-PAGE as described above), proteins were transferred at 60 mA overnight onto nitrocellulose membrane (Hybond C; Amersham International, Amersham, Bucks, UK). Each membrane was blocked by incubation in 5% (w/v) Marvel milk powder in Tris-buffered saline (TBS, 20 mM Tris, 140 mM NaCl, pH 7.5) for 1 h, followed by a 2 h incubation in primary antibody at the indicated dilutions, at room temperature. Membranes were then incubated in secondary antibody (either peroxidase-conjugated swine anti-rabbit or peroxidase-conjugated swine anti-mouse, 1:1000 dilution; Dako, Copenhagen, Denmark) for 2 h at room temperature, and developed by enhanced chemiluminescence according to the manufacturer's instructions (Dupont-NEN, UK).
Purification and separation of germ cells from mouse testes
The methods used here are adaptations of those of Bellve (1993) and O'Brien (1993) , involving a combination of enzymatic disruption of the testes and separation under unit gravity of the resulting germ cells on a 2-4% bovine serum albumin (BSA) gradient. Five 70-120 day old male mice were killed by cervical dislocation and their testes removed. The outer capsule of the testes was discarded and the contents incubated in 15 ml enhanced Krebs ringer buffer (EKRB, 120 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.3 mM CaCl 2 , 11.1 mM glucose, 25.2 mM NaHCO 3 , 0.15 g/l glutamine, 0.1 g/l streptomycin, 0.65 g/l penicillin 1% (v/v) essential amino acid solution, 1% (v/v) non-essential amino acid solution) containing 0.5 mg/ml collagenase in a shaking water bath at 32°C for 15 min. This incubation was followed by a similar incubation with 0.25 mg/ml trypsin and 1 µg/ml DNase I, after which time cells were pelleted by centrifugation at 500 g. The resulting germ cells were resuspended in 10 ml EKRB containing 0.5% (w/v) BSA with 1 µg/ml DNase I and 100 µg/ml soya bean trypsin inhibitor and Figure 1 . Glycerol gradient purification and analysis of proteasomes from human spermatozoa. Routinely, soluble human sperm extracts (1-5 mg protein) were fractionated on 10-40% glycerol gradients. In the experiment shown, aliquots from each gradient fraction were assayed for protein by the Bradford assay (A-D), chymotrypsin activity with the fluorogenic substrate (A) Suc-LLVY-MCA, (B) trypsin activity with the fluorogenic substrate Boc-LRR-MCA, (C) peptidyl-glutamyl peptide hydrolysing activity with the fluorogenic substrate Cbz-LLE-βNA, and (D) chymotrypsin activity in the presence of 1 µM MG132. filtered through a 80 µm nylon mesh to remove testicular debris. Germ cells were loaded onto the sedimentation chamber at a rate of 10 ml/minute with a 2-4% BSA gradient. After 5 min the flow rate was increased to 40 ml/minute and after 160 min the cells were collected in 5 ml fractions using an automatic fraction collector. The cells were pelleted by centrifugation, analysed under light microscopy and pooled according to their morphological characteristics. It was estimated by cell counting that primary spermatocytes were 60% pure, the round spermatids 80% pure and the elongating spermatids 60% pure. The mature spermatozoa were obtained by dissection of the epididymis.
Antisera
All monoclonal antibodies were kindly provided by Dr Klavs Hendil and Dr Keiji Tanaka. The polyclonal antiserum to the 25 kDa ubiquitin-conjugating enzyme was raised in rabbits to the 10 amino terminal residues of the published bovine sequence (Chen et al., 1991) . The anti-ubiquitin conjugate antiserum was purchased from Dako.
Results

Purification of proteasomes from human spermatozoa and analysis of peptide-hydrolysing activity
The donated semen samples were assessed as being normal according to the World Health Organization guidelines (WHO, 1998) , and the germ cells were purified on Percoll gradients. 26S proteasomes were purified by the established method of glycerol gradient centrifugation (Orino et al., 1991) . Cell extracts were prepared and layered onto glycerol gradients; 26S proteasomes were purified by centrifugation and the fractions obtained were assessed for chymotrypsin-like activity using the fluorogenic synthetic peptide Suc-LLVY-MCA. As shown in Figure 1A , cleavage of this peptide is restricted to fractions 10-16. Similar results were observed with both the trypsin-like substrate (Boc-LRR-MCA) and the peptidyl-glutamyl-like substrate (Cbz-LLE-BNA) as illustrated in Figures 1B and 1C respectively. These data demonstrate that a large complex containing proteolytic activities is present in human spermatozoa with the characteristic density and peptide hydrolysing activities of proteasomes. The peaks of enzyme activities found in fractions 10-16 are in a region of the gradient which contains very low amounts of protein, indicating that the protease is largely purified and relatively free from the majority of the soluble spermatozoan proteins (fractions 1-6). When the chymotrypsin assay was performed in the presence of the specific 26S proteasome inhibitor MG132 (1 µM), the activity was decreased~10-fold as shown in Figure  1D , providing further evidence for the positive identification of these spermatozoan proteasomes. Inhibitor-free activity is higher in Figure 1D than in Figure 1A since more material was loaded onto the gradient, as shown by the increased protein concentrations.
Identification of 20S and 26S proteasome subunits in human sperm proteasomes
In order to confirm that the particles purified were 26S proteasomes, Western blotting of the glycerol gradient fractions was performed with a number of monoclonal antisera raised against a variety of 20S and 26S proteasome subunits (Kopp et al., 1997) . The monoclonal antibodies MCP20, MCP168, MCP205 and MCP34, which recognize the human core 20S β subunits HC2, RN3 and Z and the α subunit XAPC7 respectively, gave immunoreactive bands of the expected molecular weight when compared with a positive control (and molecular weight markers). As illustrated in Figure 2A such bands are only present in those gradient fractions enriched in peptide hydrolysing activities for all four of the above 20S subunits. A similar distribution of the 19S regulatory ATPases MSS1, TBP1, SUG1 and SUG2 was also found, as shown in Figure 2B . The presence of both 20S core and 19S proteasome subunits in the purified proteasomes confirms that 26S proteasomes can be purified from human spermatozoa.
Two dimensional analysis of human sperm proteasomes
As noted earlier, the peak of proteasome enzyme activities and proteasomal antigens are found on gradients well separated from the majority of the spermatozoan soluble proteins ( Figure  1) . Therefore, the proteasomes are relatively pure; the structure of the 26S particles was investigated further by 2D electrophoresis to examine if 'subunit patterns' similar to other tissues are obtained. The 2D pattern (Figure 3 ) of proteasomal subunits from human sperm proteasomes is difficult to interpret due to the small amounts of 26S proteasomes which are isolated from human spermatozoa. Therefore, 2D Western analyses with the antibody MCP20 were carried out to determine if germ cell specific isoforms of the subunit HC2 are present in sperm proteasomes.
2D Western analysis of human spermatozoa and liver proteasomes using the MCP20 antibody shows that HC2 isoforms may be different between human liver and human spermatozoa (Figure 4) . It was repeatedly seen (three preparations) that four major HC2 isoforms (denoted a-d) were present in human liver and only three (a-c) in human spermatozoa. The pattern and shape of the subunit spots was also different, indicating that the isoelectric point (pI), perhaps a result of phosphorylation, of the 20S core subunits are distinct in liver and spermatozoa. Both the first and second dimension gels were electrophoresed at the same time under identical conditions. Previously, the monoclonal antibody MCP20 has been reported to recognize two isoforms of the protein subunit in human placenta (Hendil et al., 1995) . Two dimensional (2D) gel electrophoresis analysis of purified human sperm proteasomes. Glycerol gradient fractions containing the peak of proteasome activity were dialysed against water and concentrated by freeze-drying. Proteasomes (25 µg protein) were subjected to tube gel electrophoresis with a pH gradient of 3.5-10.0 for 18000 volt h. Tube gels were overlaid onto 10% polyacrylamide/sodium dodecyl sulphate gels and subjected to 2D electrophoresis, along with molecular weight markers. Gels were then silver stained using a Biorad Silver Stain Plus Kit.
Comparison of the ubiquitin/proteasome system at different stages of mouse spermatogenesis
Primary spermatocytes along with round and elongating spermatids were obtained from the testes of mature male mice by a combination of enzymatic disruption and sedimentation under unit gravity on a 2-4% BSA gradient (Bellve, 1993; O'Brien, 1993) . The mature mouse spermatozoa were obtained from dissection of the epididymis and proteasome-containing fractions were isolated from all four cell types as described earlier. Both immature and mature mouse germ cells were shown to contain proteasomes, as defined by their characteristic sedimentation properties and chymotrypsin, trypsin and peptidyl glutamyl-like peptide hydrolysing activities (results not shown). The large protease was confirmed as 26S proteasome by Western analysis with a polyclonal antiserum recognizing the regulatory ATPase MSS1, which gave positive immunoreactive bands only in those fractions enriched with peptide hydrolysing activity (results not shown).
When the ubiquitin/proteasome system in the soluble protein fractions of these different cell types was investigated by Western analyses, some interesting observations were made. As shown in Figure 5A , amounts of ubiquitin conjugates peaked dramatically in round and elongating spermatids, but were much lower in the primary spermatocytes and mature spermatozoa. This is in agreement with the studies of others in roosters (Agell and Mezquita, 1988) and is perhaps to be expected, as the round and elongating spermatid stages of spermatogenesis are associated with considerable cellular reorganization and protein degradation. The expression of a ubiquitin-conjugating enzyme E2 (25 kDa) which is a homo- logue of the yeast E2 UBC4/5 and involved in the formation of multi-ubiquitin chains (Chen et al., 1991) , follows a similar immunostaining pattern to the ubiquitin-protein conjugates (see Figure 5B) . The 32 kDa immunoreactive band seen above the E2 (25 kDa) band is likely to be a ubiquitinated form of the E2; auto-ubiquitination of other E2s has previously been described (Banerjee et al., 1993) . Interestingly, a rat UBC4/5 homologue has recently been cloned which is expressed in a testes-specific manner; this E2, like the E2 (25 kDa), is found only in round and elongating spermatids (Wing et al., 1996) . The proteasomal activity of the mouse germ cells also peaks at the stage of elongating spermatids ( Figure 5C ) where concentrations of their substrates, i.e. ubiquitin-protein conjugates, are highest. However, the level of proteasome activity remains relatively high in the mature spermatozoa whereas ubiquitin-protein conjugates and E2 (25 kDa) are almost absent. Proteasomes may have a role other than the degradation of ubiquitin-protein conjugates in mature spermatozoa (e.g. degrading non-ubiquitinated proteins).
Discussion
The ubiquitin/26S proteasome system is the major cytosolic mechanism for protein degradation in most cells. The 26S proteasome is central to proteolysis and is responsible for the degradation of multi-ubiquitinated, and some non-ubiquitinated, proteins (Coux et al., 1996) . We have identified for the first time 26S proteasomes from human spermatozoa by fractionation on a 10-40% glycerol gradient. The spermatozoan 26S proteasomes share the characteristic sedimentation and 1058 enzymatic properties of proteasomes purified from other cells (Hough et al., 1987; Orino et al., 1991) . Immunochemical confirmation that the 26S particles are proteasomes is provided by the presence of the human 20S core subunits HC2, RN3, Z, XAPC7 and the human 19S proteasome regulatory ATPases MSS1, TBP1 SUG1 and SUG2.
When the 20S subunit HC2 was further investigated by 2D Western analysis with the MCP20 antiserum, it was apparent that there are differences in the isoforms of this protein in human spermatozoa compared with proteasomes of other human tissues. There is genetic evidence for the existence of germ cell-specific proteasome subunits in other species (Yuan et al., 1996) . It has also been reported that the proteasomes from salmonid fish spermatozoa are different from 26S proteasomes previously purified from other sources (Inaba et al., 1993) , providing further evidence that germ cell proteasomes may be different from their somatic counterparts. Indeed, the existence of germ cell specific proteasome subunits would not be unexpected, since as discussed earlier, it is well documented that germ-cell specific genes for enzymes of the ubiquitin conjugation system are similarly expressed.
The presence of proteasomes in mature spermatozoa contrasts with the near absence of the E2 (25 kDa) and ubiquitinprotein conjugates. It is therefore possible that proteasomes play further roles in sperm physiology or fertilization related events. The proteasomes in salmonid fish spermatozoa have been localized to the flagella, suggesting that they may be involved in sperm motility (Inaba et al., 1993) . This is further supported by the more recent finding that the 26S proteasome interacts with tubulin and therefore flagella microtubules (Inaba et al., 1996) . With this in mind, it will be of interest to look at the subcellular localization of 26S proteasomes in spermatozoa with unexplained immotility. Comparison of the mouse ubiquitin/proteasome system at different stages of spermatogenesis. Primary spermatocytes and round and elongating spermatids were obtained from the testes of mature male mice by a combination of enzymatic disruption and sedimentation under unit gravity on a 2-4% bovine serum albumin gradient. Mature spermatozoa were obtained from dissection of the epididymis. 1 ϭ primary spermatocytes; 2 ϭ round spermatids; 3 ϭ elongated spermatids; 4 ϭ mature spermatozoa. (A) Western analysis of ubiquitin-protein conjugates: aoluble protein fractions from the four cell types (1 µg) were electrophoresed on 10% polyacrylamide/sodium dodecyl sulphate gels and subjected to Western analysis with a polyclonal antiserum against ubiquitinprotein conjugates (1:250). (B) Western analysis of E2 (25 kDa): soluble protein fractions were treated as above and subjected to Western analysis with a polyclonal antiserum recognizing E2 (25K) (1:100), raised against a synthetic peptide corresponding to the N-terminal 10 amino acids of the bovine sequence. This antiserum shows wide cross-species and tissue immunoreactivity (R.Layfield and R.J.Mayer, unpublished). (C) Relative proteasome activity: soluble cell extracts from all four cell types (~1 mg protein) were fractionated on 10-40% glycerol gradients. Aliquots from each fraction were assayed for protein by the Bradford assay and chymotrypsin activity measured with the fluorogenic substrate Suc-LLVY-MCA. The total chymotrypsin activity for the gradient was calculated and normalized for equal protein loading. The activities are expressed as relative values in comparison with the highest chymotrypsin activity (elongated spermatids). What role(s) could proteasomes play in spermatogenesis? A massive amount of protein degradation and cellular remodelling takes place during spermatogenesis; from the evidence presented so far it is likely that the ubiquitin/26S proteasome system is involved. 26S proteasomes will be responsible for the degradation of the ubiquitin-protein conjugates which are seen to accumulate as round mouse spermatids undergo maturation to mature spermatozoa. The crucial role played by 26S proteasomes in the cell cycle is also noteworthy with regards to spermatogenesis. Proteasomes are responsible for the degradation of both activators and an inhibitor of cyclindependent kinases (Glotzer et al., 1991; Pagano et al., 1995; Kominami et al., 1995) . 26S proteasomes will therefore be crucial in the control of mitosis and meiosis during normal spermatogenesis.
The importance of proteasomes in normal spermatogenesis has recently been highlighted by the suggestion that C5, a 20S proteasome α subunit, may be a candidate for the hybrid sterility 1 gene of inbred mice (Trachtulec et al., 1997) . The expression of germ cell-specific subunits or a change in expression of proteasome subunits may play a part in controlling spermatogenesis; these changes could either regulate the enzyme activities of the proteasome, or change its substrate specificity. For example, structural changes in the 26S proteasome may be necessary during the condensation of elongating spermatids when the timing of the destruction of histones by the ubiquitin system needs to be critically controlled, to allow their replacement by transition proteins, thus permitting chromatin condensation to begin. Such changes in the composition of regulatory subunits of the 26S proteasome have previously been shown to occur before the destruction of muscle proteins and cells during the developmentally programmed death of the intersegmental muscles in the tobacco hawkmoth Manduca sexta (Dawson et al., 1995; Takayanagi et al., 1996) .
